Hexachlorophene was found to be both a lytic and a fixative agent for protoplasts isolated from Bacillus megaterium. Concentrations of 50 to 100 ug of drug per mg of original cell dry weight were required to lyse 4.4 x 109 protoplasts (2 mg of original cell dry weight). At higher drug concentrations, protoplasts became fixed against osmotic stress and reduced in sensitivity to disruption by n-butanol. Lower drug concentrations caused proportionate lysis in the protoplast population. Intact cells lost the ability to become plasmolyzed at these same hexachlorophene concentrations. Nonplasmolyzed, drug-treated cells were resistant to the action of lysozyme, whereas plasmolyzed, drug-treated cells were sensitive. But the sensitivity of isolated cell walls to lysozyme digestion was not markedly altered by hexachlorophene treatment. These effects appeared to be secondary in the killing of cells by hexachlorophene because they occurred at concentrations higher than the minimum lethal concentration.
Hexachlorophene was found to be both a lytic and a fixative agent for protoplasts isolated from Bacillus megaterium. Concentrations of 50 to 100 ug of drug per mg of original cell dry weight were required to lyse 4.4 x 109 protoplasts (2 mg of original cell dry weight). At higher drug concentrations, protoplasts became fixed against osmotic stress and reduced in sensitivity to disruption by n-butanol. Lower drug concentrations caused proportionate lysis in the protoplast population. Intact cells lost the ability to become plasmolyzed at these same hexachlorophene concentrations. Nonplasmolyzed, drug-treated cells were resistant to the action of lysozyme, whereas plasmolyzed, drug-treated cells were sensitive. But the sensitivity of isolated cell walls to lysozyme digestion was not markedly altered by hexachlorophene treatment. These effects appeared to be secondary in the killing of cells by hexachlorophene because they occurred at concentrations higher than the minimum lethal concentration.
Hexachlorophene [2, 2'-methylenebis (3,4,6-trichlorophenol) ; HCP] is adsorbed by the protoplast membrane of Bacillus megaterium. Once taken up by the target organelle, HCP causes disruption of the membrane as evidenced by changes in cytological appearance (13) and by leakage of intracellular solutes (5) . However, these effects are only minimal at the threshold lethal concentration of the drug.
Although gross physical disruption of the protoplast membrane does not seem a likely lethal mechanism, more subtle membrane damage, such as disturbance of osmotic function or of physical properties of the membrane, could not be discounted. Consequently, isolated protoplasts were examined for the effects of HCP on osmotic functions and mechanical properties. Moreover, both isolated cell walls and cell walls in situ were examined for the effects of HCP At the concentration employed, ethanol was not an inert vehicle for HCP (Fig. 1) . On the average, 25% of the input protoplasts burst when ethanol (final concentration, 1.87 M) alone was added. When an equivalent initial volume of distilled water was added to another sample of the protoplast suspension, about 30% of the protoplasts burst. For a reduction in osmotic pressure of this magnitude (about 0.04 osmole/kg), the amount of bursting was roughly twice as much as that reported by Marquis (7), but technical differences between the two sets of data preclude direct comparisons.
Increasing the concentration of ethanol caused increasing protoplast lysis (Table I) . Graphical extrapolation of the data yielded a half lytic dose of about 3.36 M. The change in volume after mixing ethanol and sucrose solutions was negligibly different from that after mixing distilled water and sucrose solutions. For example, in a sucrose solution containing 3.04 M ethanol, the error associated with mixing was only about 0.02 M. Consequently, the concentrations of ethanol were calculated on a basis of strict volume additivity.
To circumvent the adverse effect of the vehicle, the concentration of HCP in the primary stock tincture was increased 10-fold so that the actual amount of ethanol added to the protoplast suspensions was reduced 10-fold. Under these circumstances, protoplast bursting due to ethanol alone was eliminated, although addition of equivalent volumes of water to protoplast suspensions still resulted in about 8% bursting (Fig. 2) . The results confirmed that there was a maximum lytic effect of HCP at intermediate concentrations, with high survival levels at either extreme of concentration.
A disturbing feature of the data in Fig. 2 was the rise in protoplast count seen on addition of absolute ethanol alone. Norris and Powell (9) pointed out that the surface tension of the suspending medium is an important variable in direct-counting procedures. The lower the surface tension of a fluid, the less forcefully will it be drawn into a capillary and, hence, suspended particles would have less tendency to be drawn into the cone of maximum flow. Under conditions of reduced surface tension, protoplasts would be less likely to be swept out of the grid in the counting chamber. Since the addition of ethanol to an aqueous sucrose solution did indeed lower the surface tension of the resultant solution ( Indeed, HCP-fixed protoplasts were considerably less sensitive to butanol-induced lysis than were untreated protoplasts (Fig. 3) . Even at concentrations as low as 1% (v/v) butanol, there was a marked difference in survival. At higher butanol concentrations, the surviving population of untreated protoplasts became almost vanishingly small, whereas, even at 25% (v/v) butanol, about 10% of the treated protoplasts survived.
Osmotic function. a Relative surface tensions were calculated from data obtained with a capillary surface tension apparatus, according to the formula (8): Flk = hd, where d = density, h = capillary rise, and k = rg/2 with r = radius ot the capillary and g = acceleration due to gravity. (2) . After treatment with 200 or 400 ,g of HCP/mg, the number of granules increased in most cells. At 400 qg/mg, two or three usually were seen, but on occasion some cells appeared to be packed with granules. In addition, the periphery of many chains became intensely refractile, often to the point of obscuring internal detail.
All of the foregoing observations were equally true of a system in which the cells were plasmolyzed, treated with HCP, and then allowed to deplasmolyze. Deplasmolysis was almost entirely eliminated at higher levels of HCP treatment. Increases in peripheral refractility and enhanced granulation again were noted at high HCP concentrations. Similarly, many protoplasts treated with high levels of HCP appeared refractile, although granule content was not noticeably increased.
Lysozyme sensitivity of HCP-treated cells and isolated cell walls. Since HCP adsorbs to cell walls of B. megaterium but does not alter the electron microscopic image of the cell walls (I 3), it was of interest to determine whether the presence of HCP interfered with the action of lysozyme. The experiments were carried out in two ways. (i) Cells were plasmolyzed in 2 \l sucrose solution, treated with HCP, and suspended in protoplast liberation medium (1); or (ii) they were not plasmolyzed but rather were suspended in a Cells were suspended in phosphate buffer (pH 7.0) and treated Mvith various levels of HCP in ethanol or with control solutions. After 30 min at room temperature, treated cells were transferred to 2 M sucrose solutions. After I or 2 hr, the number of plasmolyzed cells per chain was determined by direct microscopic counting.
phosphate buffer, treated with HCP, and then suspended in protoplast liberation medium.
Protoplasts released from untreated cells, either plasmolyzed or nonplasmolyzed, were somewhat irregular in shape, and the cell-to-protoplast conversion ratio was lower than commonly observed. In general, cells from the stationary phase of the culture cycle are refractory to lysozyme action (17) . The low yield of protoplasts and their relatively poor quality may quite reasonably be attributed to this fact.
When the cells were plasmolyzed before treatment with HCP (400 ,g/mg) and lysozyme, the 505 chains of cells were broken up, but many individual cells failed to become round. On the other hand, when the cells were not plasmolyzed before HCP treatment but were suspended only in phosphate buffer before treatment and transfer to protoplast liberation medium, the chains themselves were resistant to lysozyme digestion and did not break up. Insofar as isolated cell walls were concerned, treatment with HCP did not interfere markedly with lysozyme action until a level of 400 ,ug of HCP/mg of cell wall dry weight was reached. The cell walls flocculated when the lysozyme was added to the preparation so that initially the optical densities were much higher than those of the control suspensions to which lysozyme was not added. As indicated in Fig. 4 , the flocs cleared rapidly and the optical density eventually fell below that of the control. For the sake of clarity, only one intermediate HCP level is illustrated in Fig. 4 , but other concentrations tested (17 or Appropriately concentrated tinctures of HCP were added to aqueous suspensions of isolated cell walls so that the final concentrations of HCP were, respectively, 0 1uglmg (0), 50 ag/mg (A), and 400 ag/mg of cell wall dry weight (0). After 30 min, lysozyme was added, and the decrease in absorbancy was followed spectrophotometrically.
VOL. 108, 1971 on November 2, 2017 by guest http://jb.asm.org/ Downloaded from 50 ,g/mg, the first detected point of maximum lysis, the average concentration of HCP per protoplast was 22.7 fg. This means that each protoplast was subjected to a potential adsorption of about 3.4 x 107 molecules of HCP. In the absence of quantitative uptake data, it cannot be concluded that this is the number of molecules required for lysis, but only that this number must be present per protoplast in the suspension in order to drive enough molecules into the membrane to effect lysis. Similar calculations based on previously published data (6) yielded a value of about 3.6 x 108 molecules of HCP per B. megaterium protoplast. Considering procedural differences, the two values are in reasonable agreement.
The finding that the presence of about 22.7 fg of HCP is required to burst a protoplast is supported by the observations on plasmolysis in HCP-treated cells ( Table 2 ). The ability of the cells to be plasmolyzed, or to deplasmolyze after HCP treatment of plasmolyzed cells, was also lost at about the same level (i.e., 50 ,ug of HCP/mg of original cell dry weight). The two phenomena, protoplast lysis and loss of plasmolytic response by intact cells, should occur at about the same concentration of HCP, because they are but two different manifestations of the same process, namely, the penetration of sucrose across the membrane. If sucrose can cross the membrane of liberated protoplasts, the protoplasts will not remain osmotically stable. Similarly, if sucrose can enter the protoplast of the intact cell, plasmolysis will not eventuate or will be only transient.
One puzzling aspect was the observation that chains of plasmolyzed, HCP-treated cells were broken up by lysozyme, whereas nonplasmolyzed, HCP-treated chains were not. However, the individual units obtained by lysozyme treatment from plasmolyzed, HCP-treated chains did not always form round protoplasts, as untreated cells would be expected to do. Since it was not known whether residual-wall material remained on these unusual bodies, it cannot be said for certain that HCP had fixed the cells in their cylindrical shape, which does occur in the case of formaldehyde-treated, lysozyme-digested cells (14, 16) . Moreover, the plasmolyzed, non-HCPtreated cells did not become as round as expected. Many of the resultant bodies were irregular in shape and may have had residual cell wall clinging to them. Since the particular cells used were stationary-phase cells, it seems likely that they were, from the outset, somewhat resistant to lysozyme.
Nevertheless, it is surprising that merely plasmolyzing the treated cells changed them from moderately resistant to moderately sensitive. This was probably a physical rather than a chemical phenomenon. In the plasmolyzed, treated chains, the cross walls seemed to be the main site of lysozyme attack. It is just this region from which plasmolysis causes the membrane, the major HCP-binding structure, to withdraw. Consequently, one may speculate that in the case of the nonplasmolyzed cells it is the close juxtaposition of cross wall and treated membrane which, in some as yet unknown way, inhibits the action of lysozyme.
It seems clear that HCP itself does not interfere with lysozyme digestion of the cell walls (Fig. 4) . The kinetics of digestion were about the same until very high levels of HCP were attained. At such a high level, it is quite likely that HCP acts directly on the lysozyme molecules rather than on the cell wall. HCP is known to interact with proteins (3).
Treatment of freed protoplasts with very high concentrations of HCP (e.g., 400 Ag/mg) fixed the cells against osmotic stress. More than 60% of a fixed protoplast population survived rapid transfer to solutions of very low ext racellular osmolality ( Table 3 ). The butanol-sensitivity tests (Fig. 3) suggested that fixation results from gelation of the cytoplasmic contents of the protoplasts rather than from mechanical strengthening of the membrane. In the butanol experiments, no ghosts or cracked protoplasts were counted, so that entities surviving solely due to strengthened membranes were excluded. The first step in fixation presumably would be membrane strengthening, since the membrane is the first cellular structure to encounter HCP when it is added to the medium. HCP seems to mimic the phenols more than other fixatives, such as formaldehyde. By virtue of its two relatively hydrophobic phenolic ring systems and its two hydrophilic hydroxyl groups, HCP is an amphipathic molecule and so, in its lytic action, may be considered as a surfactant. At concentrations which effected total lysis of the protoplast population, no membrane ghosts were observed. Therefore, HCP acts more like anionic detergents, such as sodium dodecyl sulfate, than like cationic detergents, such as cetyltrimethylammonium bromide. Cetyltrimethylammonium bromide causes cytolysis but not membrane disintegration (10) .
It may be concluded that HCP is membrane active in that it causes both membrane lysis and fixation. However, these effects, like HCP-promoted leakage of intracellular solutes (5), can be only secondary in the killing of cells, since they occur at HCP concentrations higher than the minimal lethal concentration (13) . Therefore, the threshold mechanism of action must be some-thing more subtle, and its elucidation awaits further experimentation. Perhaps the most likely target would be the vital system of respiratory enzymes localized in the protoplast membrane.
